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I The electromigralwn characteristics of integrated circuit conductors are determined by passing a 
high cun-ent for a short period of lime through an inventive test structure. This provides a rapid test in a 
more accurate manner than with the prior art SWEAT (Standard Wafer-level Bedromlgration Acceler- 
ated Test) stnjcture. The lest results have been found to be well correlaled with long-temi low cunenl 
electromigration tests. A sensitive differential lest may be implemented that detennines the effects of 
topography features. The inventive test technk|ue can be perfomied on every wafer lot, or even every 
wafer, so that adjustments to the wafer fabricatton process can be rapidly implemented. 
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INTEGRATED CIRCUIT ELECTROMIGRATION MONITOR 



Backgr und fth Invention 

1, Field of the Invention 

5 

The present Invention relates to an Improved lest 
structure and method for determining the electromi- 
gration characteristics of Integrated circuits. 

2. Description of the Prior Art *o 

The high rellability of integrated circuits is a very 
significant factor in their production and use. Attempts 
are made to ensure high rBliabllity in all stages of the 
production process. Where feasible, tests are peifor- f 5 
med at intermediate stages of production ao that cor- 
rective action can be taken if necessary. The 
importance of this procedure can be understood when 
it is realized that modem IC production requires hun- 
dreds of steps In very carefully controlled environ- 20 
mental conditions. The completion of all the steps for 
a given wafer typically requires several weeks, or 
even months, before the final tC wafer Is available for 
electrical testing of its circuits. Therefore, a large 
inventory of very valuable product is undergoing pro- 25 
cessing at any given time. If a problem develops at a 
process step, It may, under worst-case conditions, be 
several weeks before it Is discovered, thereby result- 
ing in a significant economic loss of wafers in process. 

One area of traditional concern is the electromi- 30 
gration characteristics of metal (e.g., aluminum, 
aluminum alloys, and/or refractory metal) conductors 
in the integrated circuit. Because of the very small , 
linewidths required for present-day IC*s, the current 
density in these conductors, Including runners and 35 
contacts, is very high, often exceeding 1 X 10^ 
amps/cm^ in nonna! device operation. Therefore. If 
the metal is inadvertently thinner (or narrower) in 
some porttons of the runner than in others, the current 
density will be even higher than the intended value at 40 
those locations. Since the failure rate due to elec- 
tromigration proWenw increases rapidly as the cunrent 
density increases, such unintended thinning of the 
runners may lead to unacceptable reliability of the IC. 
Still other factors may affect the electromigration 45 
characteristics, such as the presence of impurities or 
precipitates in the metal that forms the runners, the 
grain size of the metal, and various other geometry 
limiting effects. 

The fraditional means for determining the elec- so 
tromigration characteristics, and hence reliability, of 
th runners is to pass a current through a test struc- 
ture on an IC wafer, and determine the time It takes 
for the test struchjre to fail. The faHure may occur, for 
xample, by the test conductor becoming non-con- 55 
ductive.' or by one test conductor ^horting out to 



another test conductor. A traditional test structure 
adopted by the National Bureau of Standards is 
shown in Fig. 4. Along, thin metal test conductor (400) 
is connected to broader metal conductors (401, 402) 
at either end, which connect to bondpads (403, 404) 
for supplying cun-ent from an external power supply. 
The length L of the test conductor b 600 micrometers, 
and the width of the broader metal conductors (Ws ) 
is twice that of the test conductor (W4). Voltage moni- 
tor test points are provided by conductors 405, 406, 
spaced U = 2 X W3 from the ends of regions 40 1 , 402, 
and connected to bondpads (407. 408). It is also 
known in the art to Include side conductors (not 
shown) to detennine by means of a short-circuit test 
whether metal migration occurs transversely to the 
test conductor. 

The current density in the long-term test is typi- 
cally about 1 to 3 X lO^amps/cm^ In addition, the 
long-tenm test provides for the wafer to be heated to 
approximately 200 to 300 C In order to accelerate the 
test as much as possible. However, even under these 
conditions the traditional long- tenm test requires typi- 
cally a week or more of operation without a failure to 
prove that the electromigration characteristics are 
satisfactory. 

A more recent eleclromigration test technique Is 
tenned 'SWEAr (Standard Wafer-level Electromi- 
gration Acceleration Test), which provides for passing 
a much larger current than used for the long-temi' 
test through a test structure that is optimized for the 
accelerated test. The large current provkles for joule 
heating of the test conductor only, which avoids the 
necessity for hearing the entire wafer. The time 
required for the SWEAT test is typically only about 30 
seconds at a current density of about 1 to 2 X 10- 
7amps/cm2 for an aluminum mnner. Therefore, 
SWEAT could potentially be used for monitoring wafer 
tots in real time, in the sense that the Information 
gained is sufficiently timely that the process par- 
ameters can be changed before the next lot anrives at 
a given process stage. If desired, testing can even be 
accomplished on each wafer, with appropriate pro- 
cess changes being accomplished before the next 
wafer. The SWEAT technique Is desaibed in "Wafer 
Level Electromigration Tests for Productton Monitor- 
ing". B. J. Root et al. In the Proceedings of the Inter- 
national Reliabiiity Physics Symposium, pp. 1 00-1 07 
(1985). 

The test structure used for the SWEAT test Is 
shown in Fig. 3. The cunrent is conducted from 
bondpads 301. 302 into the test structure through 
relatively wkJe end conductors 303 and 310. A 
plurality f relatively wide interior regions (304 ... 309) 
altemate with relatively narrow regions (311 ... 316). 
The width of the nan-ow regions is typically the same 
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as the narrowest linewidth of the metal runners of the 
Integrated circuits on the same wafer as the test struc- 
ture. The alternation of the wide regions with narrow 
regions provides for abrupt themnal stress gradients 
that are thought necessary for the accelerated test 
However, the SWEAT test has not been widely adop- 
ted in the semiconductor Industry. This appear to be 
due to a lack of con-elation between the results pro- 
duced by SWEAT and the results produced by the 
more Uaditlonal long-tenm tests. Therefore, there Is a 
need for an accelerated test technique that more 
accurately simulates the traditional long-temi test, 
and hence give greater confidence as to its ability to 
accurately predict electromlgration characteristics in 
actual device operation. 

Summary of the Invention 

We have invented an improved technique of 
determining the electromigration characteristics of 
integrated circuit conductors. A test current is pro- 
duced In a test structure that includes an elongated 
test conductor at least 50 micrometers long. The test 
conductor Is contacted at both ends by conductor reg- 
ions at least 5 times wider than the test conductor, and 
which taper down to the width of the test conductor at 
a taper angle in the range of 30 to 60 degrees. In one 
embodiment, a high current density (at least 5X10- 
•amps/cm*) is produced in the test structure, allowing 
for a rapid determination of electromigration effects, 
so that the results may be used to change the proces- 
sing conditions on a given wafer or wafer lot. If des- 
ired. A sensitive differential test using two lest 
stnjctures may be implemented to determine the 
effects of topography features. 

Brief Description of the Drawing 

Fig. 1 shows an Olustrath^e embodiment of the 
present invention. 

Fig. 2 shows a detail of the structure of Fig. 1 

Fig. 3 shows a prior art test structure for Imple- 
menting the SWEAT test 

Fig. 4 shows a prior art test structure for.imple- 
menting the long-term test. 

Detailed Description 

< — 

the present detailed description relates to an 
improved method of rapidly performirig an elsctrcmi- 
gration test The results obtained may be used to 
change process conditions In an integrated circuit 
I production line. The present invention includes the 
use of a I St struchire that produces results that more 
closely correlate with long-term test results than those 
\> produced by the standard SWEAT structure (Fig. 3). 

Referring to Fig. 1 , an xemplary embodiment of 
the test stnicture used with the present technique is 



shown as fonned on an integrated circuit wafer; a 
detail view of an end region is shown In Fig. 2. The test 
structure Includes an elongated test conductor 101 
that is contacted at both ends by broader end conduo- 
5 tor 102 and 103. which conduct current from bond 
pads 1 04, 105 Int the test conductor. The bond pads 
allow for electrical contact by test probes that conduct 
current from a source of current external to the Inte- 
grated circuit wafer on which the test stmcture Is for- 
10 . med. During a test according to one embodiment of 
the present technique, a current of at least 5 X 10" 
•amps/cm^, and typically greater than 1 X 10- 
7amps/cm2 is tiowed through test conductor 1 01 . and 
the time for failure determined. The faflure typically 
IS occurs withh minutes or seconds for these current 
densities, respecthrely. A faBure' Is typically con- 
sidered to occur %vhen the test conductor 101 opens " 
(becomes non-conducbve). or shorts to an adjacent 
conductor, but other definitions are possible. For 
20 example, when the resistance of conductor 101 • 
exceeds a given value (e.g., twice the Initial resist- 
ance), a failure may be said to have occurred. This lat- 
ter definition has the advantage that the current may 
be terminated before the metal test conductor opens 
25 or explodes. thereby Veducing the contamination of 
the integrated circuit by metal debris. 

The voltage drop along the test conductor may be 
measured from bondpads 112 and 114, which con- ' 
nect to the broader end conductors 102 and 103 via 
30 conductors 1 1 1 and 1 13. respectively. On either side 
of the test conductor 1 01 are optional side conductors 
106 and 107, which connect to bondpad 10g via con- 
ductors 108 and 110. These optional side conductor, 
which are similar to those known In the prior art, allow 
35 for measurements of short circuits between the side 
conductors and the test conductor 1 01 that may occur 
due to the electromigration of metal from the test con- 
ductor. Such short circuits are considered another 
failure mechanism, and may be detentnlned by 
40 measuring the resistance behveen bondpads 109 and 
104, or else between bondpads 109 and 105. The 
optional side conductors 106 and 107 also serve to 
emulate minimum-spaced adjacent lines found &i 
operational portions of the IC, and which might affect 
45 the paltemlng and definition of the lest conductor. 
• We have detemnined that the length L of the test 
conductor should be at least 50 micrometers, to 
obtain valid test results. This relath^ly long length 
provides for a uniform and relatively gradual thermal 
50 gradient In confrast, the SWEAT stmcture (Rg. 3) 
produces non-unifomfi, sharply-peaked thennal gra- 
dients, wherein bulk diffusion may produce the pre- 
dominant electromigration effect Surprisingly to 
woricers In the art, the long, gradual thennal gradient. 
55 whk:h reduces bulk diffusion effects, provides for test 
results that better correlate to I ng-tenn test results. 
W hypothesize that the long test conductor length of 
the inventive technique provides for the "electron 
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wind" to be the predominant effect in delennining 
eleclromlgration. That is. the fl w of negative elec- 
tronic charge due t the test current tends to drag the 
metat atoms of the test conductor along with IL How- 
ever, ther explanations of the Improved results of the 
pres nt technique are possible. The width W2 of the 
test conductor is typically equal to the minimum 
design width of the metal runners used on a given 
ievel of the integrated circuit In commercial practice, 
this is less than 1 0 micrometers, and typically less that 10 
5 micrometers. 

As an option, topography features may be 
included underneath the test conductor which run 
generally transversely to the test conductor. These 
features, which are otherwise known in the art (Rg. 3), is 
are typically conductor formed in a lower level than the 
test conductor, and separated therefrom by a dielec- 
tric layer. For example, runners 1 15 ... 1 19 may be for- 
med of a polysilicon (or sBlcide) gate conductor layer, 
or altematively from a lower metal conductor level. 20 
The topography may also be stacked to produce ex- 
treme steps over which the test conductor must pass. 
These runners may be insulated from the test conduc- 
tor by a deposited silicon dioxide (or doped glass) 
layer. The topography features are typically variably 25 
spaced, as shown. They provide information as to the 
worst-case failure conditions. That Is, when the test 
conductor fails near a given topography feature, that 
location may be Inspected to determine the quality of 
the metal coverage over that feature. Typically, thin- 30 
ning of the metal, or a change in the width of the metal, 
may be found due to step coverage problems, or lith- 
ography problems, associated with the given 
topography feature. (However, failure near a feature 
may not necessarly result solely from step coverage 35 
degradation). 

It is often desirable to include two test structures 
on a given integrated circuit, for comparison pur- 
poses. That is. a first test structure can have 
topographs features located thereunder, whereas a 40 
second test sbucture is located on a planar dielectric 
surface. Differential measurements between the two 
test structures may then accurately detemilne par- 
ameters that are affected by the underiying 
topographical features. Such parameters may include 45 
resistance, resistance versus temperature, power 
versus temperahjre, and time to fail. A direct compari- 
son Is therefore possible that detenmlnes the 
geometry and thermal effects of a runner in a real cir- 
cuit sihjation over topography versus an kJeal planar so 
test structure. For example, the relatively high sensiti- 
vity of differential measurements allows the determi- 
nation of the incremental resistance change of the 
conductor over topography. This is especially useful 
in cases where a datenr^inatton has been made that 55 
when the resistance rati exceeds a specified value, 
the lifetime of the product is short ned. Therefore, a 
resistance ratk> versus conductor lifetime pass/fail 



criterion may be used to control the processing con- 
ditions of the production line. The test currents may be 
flowed sequentially, or altematwely simultane usiy 
through the two test structures. The differential meas- 
urements may likewise be performed either sequen- 
tially, or attematjvety simultaneously. If desired, the 
currents may be flowed through both in a bridge cir- 
cuit, where the two structures are arms of a four arm 
bridge. 

Referring to Fig. 2. further detafls of thj? test struc- 
ture are shown. The length L is typically about BOO 
micrometers, for provkJing results that may be most 
convenidntly conflated with those of the traditional 
long-term test stmcture. The width W^. of the broader 
end conductors Is at least 5 times, and typically about 
10 times, the width of the test conductor, Wj. This 
dimensional ratio provides for minimal voltage drop, 
and minimal electromlgratlon, in the end regions. In 
addition, a tapered region between each of the colder 
end regions and the test conductor provkles for a con- 
trolled thermal gradient, thereby minimizing thenmal 
stress In the test conductor, A taper angle 9 is defined 
by the sides of the tapered region as it narrows from 
the broader end regions into the test conductor region ' 
(101). This angle is in the range of 30 to 60 degrees, 
and desirably about 45 degrees. The tapered region 
also provides for supplying the cunrent whBe minirriiz- 
ing current crowding effects. In addition, note that the 
voltage test conductor (111) connects to the broader 
end conductor at the point (113) where the taper 
begins. This provides improved accuracy as conv 
pared to prior art techniques, which locate the voltage 
test conductor further away from the tapered regk>n. 

The infonmation gained from the Inventive test 
may be used to adjust processing conditions, as 
noted above. Typical process steps that may be affec- 
ted include the dielectric deposition step for the 
dielectric on which the test conductor is fonmed. More 
commonly, the conductor-forming process itself is 
found to be closely correlated to the failure, and hence 
in need of adjustmenL The thickness of the conductor, 
its Hnewidth (determined, for example, by lithography 
and/or etching processes), and its composition may 
all be adjusted. For example, when the conductor is 
aluminum, it nfuiy contain small amounts of silicon or 
copper, which amount may need to be increased or 
decreased. Similariy. the amount of gaseous con- 
" stituents (e.g.. nitrogen) used in theconductordeposi- 
tion process may need to be altered, or a contaminant 
may be discovered and subsequently removed. If the 
conductor is a stacked metal conductor, for example 
aluminum on Ti, or TiW, still other condittons may be 
changed. 

Th above-noted processing changes may be 
accomplished on the wafer lot (about 25 to 50 wafers 
In a typical case) in which only a singi wafer is tested. 
Altematively, ach wafer may be tested, and process 
adjustments made accordingly, due to the rapid nat- 
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ure of the test In either case, the fnfonnation gained 
by the inventive techntqu is likely to be f benefit to 
the entire production process, and all the IC chips the- 
rein. That Is. the present invention enhances both the 
yield of integrated circuits, and also the reliabOity of 
the IC's. Hence, an economic advantage is gained for 
every Integrated circuit produced, even if it is from a 
wafer that is not itself tested 

Although the inventive test struchire has been 
described above in temns of its advantages for a rapid 
test at high current densities, it may alternately be 
used in a more traditional tong-tenn type of test at 
lower current densities. In that case, the advantages 
include reduced electromigration failures due to the 
taper that connect the broader metal end regions to 
the elongated test conductor. In addition, the location 
of the voltage tap at the point where the taper begins 
reduces the measurement error due to voltage drop in 
the end regions. whDe still avoiding excessive themnal 
effects due to the heating of the test conductor. Fur- 
thennore. the inventive test structure may be provided 
for any of the metal levels on the Integrated circuit In 
that case, the width of the test conductor may be dif- 
ferent for the different levels, as may be desirable due 
to the differing minimum linewidths of the different 
levels. It may even be used to test interconnects; that 
Is, a long row of contact windows that connect one 
metal level to another, in what is referred to in the art 
as a "stitch pattern". All such uses are Included herein. 



Claims 

1. A method of maldng an integrated circuit includ- 
ing the step of detennining the electromigration 
characteristics of an integrated circuit conductor 
by steps comprising flowing an electrical cun-ent 
through a test structure, and determining the time 
for a failure to occur. 

Characterized in that the current density of said 
electrical current is at least 5 X 10^amps/cm^ and 
' said test structure comprises an elongated test 
conductor (101) at least 50 micrometers long, 
wherein said elongated test conductor Is contac- 
ted and its ends by wider metal conductors (102. 
103) having a width (W|) at least 5 times the width 
(W2) of said elongated test conductor, and with 
said wider metal conductors tapering down to the 
width of said test conductor, with the taper* angle 
(9) being in the range of 30 to 60 degrees. 

2. The method of claim 1 wherein the width (W^) of 
the wider metal conductors (1 02, 103) is about 1 0 
times the width (W2) of said elongated test con- 
ductor(101). 

3. The method of claim 1 wherein th taper angle (6) 
is about 45 degrees. 



4. The method of claim 1 wherein the current density 
of said electrical current is at least 1 X 
lO^amps/cm^. 

5 5. The method of daim 1 wherein said test conduc- 
tor Is about 800 micrometers long. 

6. The method of claim 1 wherein said test structure 
further comprises voltage tap conductors (111, 
10 113) that connect to each of said wider metal con- 
ductors (102, 103) atthe point (113) at which said 
wider metal conductors taper down to the width of 
said test conductor. 

IS 7. The Integrated circuit of daim 1 wherein said test 
structure further comprises elongated side con- 
ductors (106, 107) located on both sides of said 
test conductor (101) and contacted by a bondpad 
(109). 

20 

8. The method of daim 1 wherein said test structure 
further comprises elongated topographic features 
(115-119) located under, and oriented generally 
transverse to, said test conductor (101), wherein 

25 said elongated topographic features are formed 
of conductive material that Is insulated from said 
test conductor. 

9. The method of claim 1 further comprising the step 
30 of adjusting a parameter of a process step used 

in making said integrated circuit in response to 
infonnation derived from said determining the 
electromigration characteristics of an integrated 
circuit conductor. 

35 

1 0. The method of daim 9 wherein said process step 
is a dielectric deposition process, or a conductor 
fomiing process step. 

40 11. The method of daim 10. wherein said paranieter 
is the thickness of said dielectric or the thickness, 
the width, or the composition of the conductor. 

12. The method of daim 12 wherein saM conductor 
45 forming process step, or a conductor depositk>n 

step, or a conductor etching step. 

13. A method of making an integrated circuit indud- 
ing the step of determining the electromigration 

50 characteristics of an Integrated circuit conductor, 
CHARACTERIZED BY steps comprising flowing 
electrical current through first and second test 
structures, and comparing the effect of the cur- 
rent flow on th structures, wherein said first test 
55 stnicture comprises elongated topographic feat- 
ures (1 15-119) located under, and riented gen- 
erally transverse to. said test structure, and said 
second test structure Is tecated on a g nerally 
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planar surface, and further CHARACTERIZED IN 
THAT each of said test structures comprise elon- 
gated t St conductors (101) at least 50 microme- 
ters long, wherein said elongated test conductors 
are contacted and thefr ends by wider metal con- s 
ductors (102,103) having a width (W^) at least 5 
times the width (W2) of said elongated test con- 
ductors, and with said wider metal conductors 
tapering down to the width of said test conduo 
tors, with the taper angle (6) being in the range of 10 
30 to 60 degrees. 

14. The method of claim 1 3 wherein the cuirent den- 
sity of said electrical current Is at least 5 X 
lO^amps/cm^. is 



comprises elongated topographic features (115- 
1 19) located under, and riented generally trans- 
verse to, said test conductor (101), wherein said 
tongated topographic features are fomied of 
conductive materia! that is Insulated from said 
test conductor. 



15. The method of daim 13 wherein said elongated 
topographic features are fomied of conductive 
material that is Insulated from said test conductor. 

20 

16. The method of claim 13 wherein said comparing 
includes comparing the resistance of the test con- 
ductor of said first test structure to the resistance 
of the test conductor of said second test stmcture 
during said flowing electrical current, or compar- 25 
Ing the time of failure of the test conductor of said 

first test stmcture to the time of failure of the test 
conductor of said second test structure. 



17. An integrated circuit including an etectromigration so 
test structure, CHARACTERIZED IN THAT said 

test structure comprises an elongated test con- 
ductor (101) at least 50 micrometers long and 
having a width (W2) of less than 10 micrometers, 
wherein said elongated test conductor is oontac- 35 
ted and its ends by wider metal conductors 
(102,103) having a width (WO at least 5 times the 
width of said elongated test conductor, wherein 
said wider metal conductors taper down to the 
width of said test conductor, with the taper angle 40 
(0) being fn the range of 30 to 60 degrees, and 
with said wider metal conductors connecting to 
bondpads (104.105). 

18. The integrated circuit of claim 17. wherein the 4S 
width (Wi) of said wider metal conductors (102, 
103) Is approximately 10 times the width (W2} of 
said elongated test conductor (101 ). 

19. The Integrated clrcuii of daim 17 whereiri said so 
test structure further comprises voltage tap con- 
ductors (111,113) that connect to each of said 
wider metal conductors (102,103) at the point 
(113) at which said wider metal conductors taper 
down to the width of said test conductor; or further 55 
comprises elongated side conductors (106,107) 
located on both sides of said test conductor (1 01 ) 

and contacted by a bondpad (109); or further 
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